Monounsaturated fatty esters with non-activated double bonds have been made to react with two different diazocompounds, ethyl diazoacetate (EDA) and dimethyl diazomalonate (DDM), in copper and rhodium catalyzed cyclopropanation reactions. The corresponding cyclopropanes have been obtained with quantitative or nearly quantitative yields (>99%) in all the cases, with only the exception of the reaction of methyl elaidate, an E alkene, with the less reactive DDM. For the first time, the two stereoisomers of ethyl (2R*,3S*)-2-(7-methoxycarbonyl)heptyl-3-octylcyclopropane-1-carboxylate, obtained from the reaction of methyl oleate and EDA, have been separated and fully characterized. Finally, the diesters and triesters with cyclopropane structure have been reduced to diols and triols, and hydrolyzed to the corresponding diacids and triacids, to demonstrate the potential usefulness of this methodology to prepare monomers from renewable sources.
Introduction
Vegetal oils and animal fats are among the most important renewable feedstocks in the chemical industry. Although classical oleochemical transformations occur preferentially at the ester functionality of the triglycerides, 1 modern synthetic methods have been recently applied to modify the alkyl chain. 2 In this regard, catalytic C-C bond forming reactions on unsaturated compounds have been used to modify the size and the structure of the chains of natural fatty derivatives. 3 Cyclopropane fatty acids are present in nature, 4 and their synthesis has been usually tackled by construction of the alkyl chains from the pre-formed cyclopropane ring. 5, 6 The Simmons-Smith reaction has been also described for this purpose, 7 but surprisingly, the catalytic cyclopropanation of carbon-carbon double bonds has been scarcely explored. Only in one case unsaturated fatty esters were made react with diazomethane in a Pd catalyzed cyclopropanation, 8 whereas one single example was described for the copper catalyzed cyclopropanation with ethyl diazoacetate 9 and another one using diazoketones. 10 In fact, the resulting difunctional compounds of the latter reactions may open the way to further modications for different uses. However, the articles describing the preparation of these functionalised cyclopropanes 9,10 were published 50 years ago and hence both the methods for determination of results and, specially, the characterization of the products were limited or very decient.
On the other hand, vegetable oils have been used as such, or aer suitable modications, to produce an impressive variety of macromolecular materials through different alternative polymerization mechanisms, leading to a great number of structures with different properties and promising applications. [11] [12] [13] With this aim, several methods for the synthesis of diacids from fatty acid derivatives have been described in the literature. 14, 15 Generally these monomers, due to their longer alkyl chains, impart certain properties in the resulting polymers, such as elasticity, exibility, high impact strength, hydrolytic stability, hydrophobicity or lower transition temperatures. 15 Given the extended use of elastomers, it is interesting to develop bio-based materials; regarding polymer properties, the inherent internal position of the functionalities has great interest in the preparation of so materials because the alkyl dangling chains act as internal plasticizers. With this aim castor oil, containing 85-90% of easily polymerizable ricinoleic acid, has attracted much attention. 16, 17 The scarcely explored cyclopropanation with diazoesters would allow the straightforward synthesis of di-or polyesters with well-dened geometries and bearing dangling alkyl chains. Furthermore, the selective transformation of the ester functionalities opens the way to a plethora of new compounds with different geometries and functionalities.
Our research group has wide experience in the cyclopropanation reaction between olens and diazoesters promoted by different kind of copper catalytic systems. [18] [19] [20] [21] [22] [23] Therefore, we decided to apply this knowledge in carrying out the cyclopropanation reaction over non-activated double bonds of different unsaturated fatty esters using copper and rhodium salts as catalysts.
In this manuscript, we describe for the rst time, the synthesis, characterization and isolation of several di-and triesters resulting from the reaction between diazoesters and fatty acid methyl esters, as well as some simple transformations of the ester groups.
Results and discussion
Copper catalysed cyclopropanation of methyl oleate with ethyl diazoacetate (EDA)
The cyclopropanation of methyl oleate (1) with EDA (Scheme 1) was chosen as test reaction to optimize the conditions, namely solvent, type of catalyst, amount of catalyst, EDA amount and addition method, temperature and time.
The results obtained with Cu(OTf) 2 are gathered in Table 1 . Initially the stoichiometric amount of EDA was used with 1 mol% Cu(OTf) 2 as catalyst, and different solvents were tested in a 24 h period (entries 1-5). At room temperature, the best result (23% yield) was obtained with dichloromethane (entry 1), whereas toluene and THF (entries 2-3) led to lower yields with nearly the same trans/cis selectivity (2/3 ¼ 68/32), typical for this kind of reaction. The increase in reaction temperature (entries 4-5) up to 110 C did not improve the results. A larger amount of catalyst (5 mol%, entry 6) did not produce any positive effect either. Under the best conditions, the reaction was shown to proceed at longer reaction times, with a maximum of 36% yield aer 48 h (entry 7).
Given the total conversion of EDA, this value represents the chemoselectivity of the reaction with respect to the competitive dimerization of EDA to diethyl fumarate and maleate. The typical method to optimize this chemoselectivity is the slow addition of the diazocompound. When EDA was slowly added during 10 h, the same maximum yield was obtained at shorter reaction time (entry 8). Considering the importance of EDA dimerization, the amount of diazocompound was increased (entries 9-11), and quantitative yield of cyclopropanes 2 + 3 was obtained with an EDA/oleate molar ratio of 3.
As dichloromethane is not a good solvent from the point of view of sustainability, the reaction was also tested in the absence of solvent. Under the same conditions, the yield was only 71%, with similar diastereoselectivity (entry 12). The further addition of EDA led to a progress in the reaction, indicating that the catalyst was still active and the lower yield was a problem of chemoselectivity. In fact, when the EDA/oleate molar ratio was increased to 4/1 (entry 13), over 90% yield was obtained, whereas the quantitative conversion of oleate was reached with 6 equivalents of EDA (entry 14). This lower chemoselectivity in the absence of solvent is probably due to a poor solubility of the copper catalyst in the non-polar methyl oleate.
Given the possible advantages of heterogeneous catalysts in easy separation and reuse, a solid catalyst was prepared by cation exchange of Cu(OTf) 2 in LAPONITE®. 24 This synthetic clay has sodium cations in the interlayer space that are exchangeable in a polar medium. The copper content of LAPONITE®-Cu was 0.48 mmol g À1 , and this solid was tested in the optimal conditions found in homogeneous phase ( Table 2 ). As can be seen, the rst run of the catalyst led to analogous results to the homogeneous counterpart (93% yield, trans/cis 68/32), but aer ltration and washing with dichloromethane, the catalyst showed very low catalytic activity (entry 2). The side reactions of EDA, dimerization and oligomerization, produce coordinating by-products able to poison the copper sites of LAPONITE®. Thus, the solid recovered in another run, with reproducible results (entry 3 vs. entry 1), was thoroughly washed with acetonitrile. The catalytic activity was recovered in larger extension (entry 4), but the catalyst is not fully recoverable. In previous works, we have observed an effect of LAPONITE® on the stereoselectivity of the cyclopropanation reactions, 25 favouring the less stable cis-isomer, and this effect was enhanced by the use of a non-polar solvent. However, when the reaction was carried out in hexane (entry 5), yield was very low and no changes in the diastereoselectivity were observed. It was possible to reach a quantitative yield under reux, but the trans/cis selectivity remained unchanged. This is probably due to the highly exible hydrocarbon chains, able to accommodate in the close proximity of the clay surface, in contrast with the rigid structure of styrenes or cycloalkenes tested until now. 26 Finally, the solventless conditions were also tested, with the expected negative effect on the catalytic activity. In view of the lack of advantages in using LAPONITE®-Cu, the rest of cyclopropanation reactions were only tested with Cu(OTf) 2 .
Scheme 1 Cyclopropanation reactions of methyl oleate (1), methyl erucate (4), and methyl elaidate (7) with EDA.
Initially, the two diastereomers were assigned as trans-2 and cis-3 from mechanistic considerations. However, it was necessary to conrm the stereochemistry of both compounds. In order to carry out their characterization, rstly, they were separated by ash-chromatography. The only signal that enabled the structural elucidation was the CH-COOEt in the cyclopropane, which would be coupled to the other two protons of the ring with different coupling constant depending on the relative position. The CH groups in both molecules were identied on the basis of the HSQC NMR spectra in CDCl 3 , but the signal was overlapped with those of the alkyl chain in one of the isomers, and the triplet in the other one was quite large and poorly dened (see ESI †). Thus, other deuterated solvents were tried in an attempt to distinguish those signals and benzene-d 6 was shown to be the most suitable solvent. The key signal ( Fig. 1 ) was clearly separated in the cis-3 isomer, whereas it was overlapped in the trans-2 isomer, although the three peaks were easily detectable and the coupling constant measurable. In that way, it was possible to conrm the stereochemistry of the two compounds, as the J coupling constant was 8.7 Hz in the case of cis-3 and 4.5 Hz in the trans-2. 27, 28 Copper catalyzed cyclopropanation of methyl erucate with ethyl diazoacetate (EDA)
Given the good result obtained with methyl oleate, we decided to apply this methodology to the cyclopropanation of different unsaturated fatty esters. As rst step, a larger cis monounsaturated fatty ester, methyl erucate (4) (C22:1 cis-D 13 ) was tested (Scheme 1).
Under the optimized conditions, EDA/erucate molar ratio ¼ 3, EDA slowly added during 10 h, 1 mol% Cu(OTf) 2 , CH 2 Cl 2 as solvent, room temperature, 15 h total reaction time, total conversion of methyl erucate to the trans-5 and cis-6 cyclopropanes was obtained, with a trans/cis selectivity of 69/31. Both diastereomers were separated and characterized by mass spectrometry and NMR using CDCl 3 and bezene-d 6 as solvents (see ESI †). Copper catalysed cyclopropanation of methyl elaidate with ethyl diazoacetate (EDA)
The next variation in the substrate was the stereochemistry of the C-C double bond. Methyl elaidate (7) (C18:1 trans-D 9 ) was made react with EDA (Scheme 1) under the optimized conditions found for methyl oleate. As expected, two products (8 and 9) were detected in a 50/50 ratio, but yield was only 84% aer 15 h. The relative cis position of one of the long chains with the ester group of the copper-carbene in every transition state explains the lower reactivity of this alkene and the lack of selectivity. The increase of the EDA/elaidate molar ratio to 4 led to the desired quantitative yield. However, it was not possible to separate the diastereomers and furthermore, the 1 H NMR signal used for identication in the case of 2 and 3 would not be useful in this case. In both isomers, 8 and 9, the CH-COOEt has one H in relative position cis and another one in relative position trans, showing then both a doublet-doublet with the same J coupling constants. Therefore, it was not possible to identify the two compounds separately but we did the characterization of the equimolecular mixture.
Cyclopropanation of methyl fatty esters with EDA catalysed by Rh 2 (OAc) 4 Rhodium is the most commonly used catalyst for cyclopropanation reactions, 29, 30 and hence Rh 2 (OAc) 4 was tested as catalyst in the three reactions described above. The results are summarized in Table 3 . The reactions were rst carried out under the optimized conditions found for Cu(OTf) 2 (entries 1, 3 and 4). In the case of the Z alkenes (oleate and erucate), quantitative yields were obtained with slightly lower selectivity to the trans cyclopropane. With the E alkene (elaidate, entry 4), a slight preference for one of the unidentied diastereomers was observed. The excess of EDA could be decreased up to 2/1 with methyl oleate and 3/1 with methyl elaidate to obtain the same nal yields, showing that rhodium leads to a slightly better chemoselectivity for cyclopropanation with respect to the side reactions of EDA (dimerization and oligomerization). As the advantages of rhodium are marginal in comparison with the higher price compared with copper, the rest of the work was carried out with Cu(OTf) 2 as catalyst.
Cyclopropanation of methyl oleate (1) with dimethyl diazomalonate (DDM)
In the cyclopropanations described above, the nal products are diesters with different geometry in the cyclopropane ring or different chain length, which can be envisaged as monomers for linear polymers. However, the use of diazomalonate would lead to the formation of triesters that could play the role of cross-linkers. Thus, dimethyl diazomalonate (DDM) was used as carbenoid source in the cyclopropanation of methyl oleate (Scheme 2). The results are gathered in Table 4 . The presence of two electron withdrawing groups in DDM makes this diazocompound less reactive than EDA, 31 and the reaction does not take place at room temperature. On the contrary, when the reaction is carried out at 65 C (reaction 2), it proceeds with moderate yield, up to 67% with 3 equivalents of DDM, in a quite long time. The addition of another 1 mol% of catalyst increased the yield up to 86%, showing that there was a problem of catalyst deactivation. The reaction can be speeded up with successive additions of catalyst and one more equivalent of DDM, reaching 85% yield in only 48 h (reaction 3).
However, the result is not improved by increasing the reaction temperature (reaction 4). The yield limit is then a combination of catalyst deactivation, probably due to the chelating character of both DDM and cyclopropane 10, and the low yield of the reaction, due to the low reactivity of DDM. Quantitative yield can be obtained with 6/1 DDM/oleate molar ratio and 2 mol% of Cu(OTf) 2 (reaction 5), but from results in reaction 6 it can be seen that it is better to introduce both diazocompound and catalyst in portions.
Cyclopropanation of methyl elaidate (7) with dimethyl diazomalonate (DDM)
As expected from the lower reactivity of methyl elaidate (7) observed with EDA, the cyclopropanation with DDM (Scheme 2) proceeds with much lower yield than the analogous reaction of methyl oleate described above. Starting from a DDM/elaidate molar ratio of 5 and 1 mol% of Cu(OTf) 2 at 85 C in 1,2dichloroethane, the amounts of DDM and catalyst were increased up to 7 equivalents and 4 mol% respectively, reaching a moderate 55% yield of cyclopropane 11.
Reduction of the cyclopropanic esters to primary alcohols
The possibility to convert the obtained cyclopropanes into valuable monomers was tested rst by reduction of the ester groups to primary alcohols using LiAlH 4 (Scheme 3). The reaction with the trans cyclopropane 2 was very clean and fast, leading to the expected diol 12 with total GC conversion and 73% of isolated yield ( Table 5 , entry 1). The reaction of the cis cyclopropane 3 led diol 13 with 93% of isolated yield (entry 2). The problem with diol 12 was supposed to be the solubility in the aqueous phase used for washing the organic phase, and the optimization of this step allowed obtaining 12 with 92% isolated yield (entry 3). The 50/50 mixture of the cyclopropanes 8 and 9, coming from methyl elaidate and EDA, was reduced to an equimolecular mixture of the diols 14 and 15 with also 92% of isolated yield (entry 4). Finally, the triester 10 gave the triol 16 with 70% of isolated yield (entry 5), probably due to an increase in the aqueous solubility produced by the third hydroxyl group.
Hydrolysis of the cyclopropanic esters
As a proof of concept, the diesters 2 and 3, and the triester 10 were hydrolysed with KOH/ t BuOH and then neutralized to obtain the corresponding diacids 17 and 18, and the triacid 19 (Scheme 4). The diesters 2 and 3, as well as the triester 10, gave quantitative conversions (Table 6) to the corresponding diacids and triacid, but the partial solubility in the aqueous phase decreases the isolated yields to 83% in the case of 17 and 18, and more signicantly in the case of the triacid 19 up to 59%.
Conclusions
The cyclopropanation reaction between different fatty esters and ethyl diazoacetate (EDA) has been carried out in a single step with quantitative yields, using 1 mol% Cu(OTf) 2 as catalyst under mild conditions. For the rst time, both diastereomers (trans and cis) were separated by ash-chromatography and 25  3/1  1  24  1  2  65  3/1  1  24  50  96  67  144  67  2  168  80  192  86  3  264  86  3  65  3/1  1  7  43  2  9  7 2  3 unambiguously identied by NMR. Harsher reaction conditions were required for the cyclopropanation with dimethyl diazomalonate (DDM) because of the lower reactivity of this diazocompound. Even so, yields from moderate to excellent were reached. The products obtained in the cyclopropanation reaction have been easily transformed into diacids or triacids by hydrolysis, and into diols and triols by reduction. These compounds have the potential to be used as monomers or comonomers in polymerization reactions for the obtaining of new materials.
Experimental

General considerations
Methyl fatty esters and ethyl diazoacetate were purchased from different commercial sources, all of them were used as received without further purication. Dichloromethane was dried in an SPS-Device. Dimethyl 2-diazomalonate 32 was prepared by reaction of dimethyl malonate with 4-methylbenzenesulfonyl azide. 33 Reaction products were puried from the reaction crude by column chromatography on silica gel, using a mixture of hexane : ethyl acetate (9 : 1) as eluent, or by medium pressure liquid chromatography with the same mixture of solvents at 60 mL min. 1 H-and 13 C-NMR spectra of the products were recorded in a 400 MHz NMR spectrometer. CDCl 3 , C 6 D 6 and CD 3 OD were used as NMR solvents. Spectral assignments were achieved by 1 H-COSY, 1 H-13 C HSQC and 1 H-13 C HMBC experiments. HRMS spectra were measured in a Quadrupole Time of Flight (QTOF) mass spectrometer microTOF-Q equipped with an electrospray ionization (ESI) source.
Representative procedure: Cu(OTf) 2 catalysed cyclopropanation reaction of methyl oleate with EDA A mixture of Cu(OTf) 2 (9 mg, 0.025 mmol, 1 mol%) and eicosane (125 mg, 0.44 mmol; internal standard) in 2 mL of anhydrous dichloromethane was stirred for 20 min at room temperature under argon atmosphere. Then, methyl oleate (741.2 mg, 2.5 mmol) was added to the resulting solution. Finally, ethyl diazoacetate (7.5 mmol) was slowly added via syringe pump during 10 hours. The reaction was monitored by gas chromatography until total consumption of the diazoacetate. Aer the reaction was nished, the crude was ltered through a silica pad to adsorb the catalyst. The results were determined by gas chromatography, the products were separated by ash chromatography using a mixture of hexane : ethyl acetate (9 : 1) as eluent and they were identied by NMR and HRMS. All the cyclopropanation reactions were carried out in a similar way under the conditions detailed in tables. Ethyl (1S*,2S*,3R*)-2-(7-methoxycarbonyl)heptyl-3-octylcyclopropane-1-carboxylate (2 
Preparation of Cu-exchanged LAPONITE®
This method is a modication of the one previously described. 24 To a solution of Cu(OTf) 2 (0.7 mmol) in acetonitrile (6 mL) was added 1 g of LAPONITE® and the resulting suspension was stirred at room temperature for 24 h. The solid was separated by ltration, thoroughly washed with 10 mL of methanol and then with 5 mL of dichloromethane, and dried under vacuum before use. Analysis of the solid showed that the copper content was 0.48 mmol g À1 of dry solid.
Representative procedure: LAPONITE®-Cu catalysed cyclopropanation reaction of methyl oleate with EDA To a suspension of LAPONITE®-Cu (52.1 mg, 1 mol%) and eicosane (125 mg, 0.44 mmol; internal standard) in 2 mL of anhydrous dichloromethane was added methyl oleate (741.2 mg, 2.5 mmol) at room temperature and under argon atmosphere. Finally, the corresponding amount of ethyl diazoacetate was slowly added via syringe pump during 10 hours. The reaction was monitored by gas chromatography until total consumption of the diazoacetate. Aer the reaction was nished, the catalyst was ltered off, washed with dichloromethane and dried under vacuum. The recovered catalyst was reused following the same method.
Representative procedure for the reduction of the ester groups in products (2) (trans) or (3) (cis) from methyl oleate
